Implantable RF-coil with multiple electrodes for long-term EEG-fMRI monitoring in rodents  by Pirttimäki, Tiina et al.
RI
m
T
J
S
a
b
F
c
h
•
•
•
•
a
A
R
R
A
A
K
f
E
R
B
R
C
F
(
h
0Journal of Neuroscience Methods 274 (2016) 154–163
Contents lists available at ScienceDirect
Journal  of  Neuroscience  Methods
jo ur nal home p age: www.elsev ier .com/ locate / jneumeth
esearch  paper
mplantable  RF-coil  with  multiple  electrodes  for  long-term  EEG-fMRI
onitoring  in  rodents
iina  Pirttimäkia,∗,  Raimo  A.  Saloa,  Artem  Shatilloa,1,  Mikko  I.  Kettunena,
aakko  Paasonena,  Alejandra  Sierraa,  Kimmo  Jokivarsi a, Ville  Leinonenb, Pedro  Andradea,
imon  Quittekc, Asla  Pitkänena, Olli  Gröhna,∗
Department of Neurobiology, A.I. Virtanen Institute for Molecular Medicine, University of Eastern Finland, 70211, Kuopio, Finland
Institute of Clinical Medicine - Neurosurgery, University of Eastern Finland and Neurosurgery of NeuroCenter, Kuopio University Hospital, 70029, Kuopio,
inland
RAPID Biomedical GmbH, 97222, Rimpar, Germany
 i g  h  l  i  g  h  t  s
Modiﬁed  chronic  implantation  of  EEG  electrodes  and MRI-coil  for rats.
Improved  data  consistency  across  imaging  and  video-EEG  monitoring  sessions.
Method  allowing  follow-up  studies  using  simultaneous  EEG-fMRI.
Network  connectivity  changes  during  epileptogenesis.
 r  t  i  c  l e  i  n  f  o
rticle history:
eceived 17 July 2016
eceived in revised form 19 October 2016
ccepted 21 October 2016
vailable online 21 October 2016
eywords:
MRI
EG
at
OLD
esting state
hronic implant
a  b  s  t  r  a  c  t
Background:  Simultaneous  EEG-fMRI  is a valuable  tool  in the  clinic  as it provides  excellent  temporal  and
spatial  information  about  normal  and diseased  brain  function.  In pre-clinical  research  with  small  rodents,
obtaining  simultaneous  EEG-fMRI  in  longitudinal  studies  faces  a number  of  challenges,  including  issues
related to  magnetic  susceptibility  artifacts.
New method:  Here,  we  demonstrate  a method  for permanent  MRI  RF-coil  and  EEG  electrode  implantation
in  rats  that  is  suitable  for  long-term  chronic  follow-up  studies  in  both  stimulus  and  resting-state  fMRI
paradigms.
Results:  Our  ﬁndings  showed  that the  screw-free  implantation  method  is well  suited  for  long-term  follow-
up  studies  in  both  freely  moving  video-EEG  settings  and  fMRI  without  causing  MRI  susceptibility  artifacts.
Furthermore,  the  results  demonstrated  that  a  multimodal  approach  can  be  used  to  track  the  progression
of  structural  and  functional  changes.
Comparison  with  existing  methods:  The  quality  of both  MRI  and  EEG  data  were  comparable  to those
obtained  with  traditional  methods  with  the  beneﬁt  of  combining  them  into  artifact-free  simultaneous
recordings.  The  signal-to-noise  ratios  of  the  MRI  images  obtained  with  the  implanted  RF-coil  were  similar
to  those  using  a  quadrature  coil  and  were  therefore  suitable  for resting-state  fMRI  experiments.  Similarly,
EEG data  collected  with  the  RF-coil/electrode  set-up  were  comparable  to  EEG  recorded  with  traditional
epidural  screw  electrodes.
Conclusion:  This  new  multimodal  EEG-fMRI  approach  provides  a novel  tool  for  concomitant  analysis  and
follow-up  of anatomic  and  functional  MRI,  as  well  as electrographic  changes  in a preclinical  research.∗ Corresponding authors at: P.O. Box 1627 (Neulaniementie 2), FI-70211 Kuopio,
inland.
E-mail addresses: tiina.pirttimaki@uef.ﬁ (T. Pirttimäki), olli.grohn@uef.ﬁ
O. Gröhn).
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1. Introduction
Electroencephalography (EEG) has good temporal resolution,
but it has limited spatial accuracy, especially in the deeper struc-
tures of the brain. Functional magnetic resonance imaging (fMRI)
is used to measure and map  brain activity by detecting changes in
blood ﬂow, volume, and oxygenation using a blood-oxygen-level
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ependent (BOLD) contrast. Unlike EEG, BOLD-signals can be mea-
ured from the entire brain in three dimensions with excellent
patial resolution, but it has a poor temporal resolution of several
econds (Logothetis et al., 2001; Huster et al., 2012). Indeed, simul-
aneous recording of EEG and fMRI is an evolving method in clinical
ettings as it provides better temporal and spatial information, for
xample, when investigating areas involved in epileptogenic net-
orks and locating seizure onset zones (Laufs and Duncan, 2007;
an Graan et al., 2015).
Simultaneous EEG and fMRI is also used in pre-clinical research
ith small rodents, but obtaining real-time EEG-fMRI studies
aces a number of challenges, including issues related to mag-
etic susceptibility artifacts (Mirsattari et al., 2007). Electrodes
sed for recording have to be MRI-compatible to avoid excessive
mage distortion, and on the other hand, MRI  acquisition induces
ubstantial noise artifacts in the electrical signal. Moreover, for
hronic electrophysiology experiments, electrodes are typically
ecured to the skull using stainless steel anchoring screws and
ental cement, making the implants often too bulky and incom-
atible to be used with commercially available radiofrequency
RF)-coils. For that reason, most of the studies investigating seizures
nd epileptogenesis have been performed using either acute EEG
pproaches (Tenney et al., 2003, 2004; Nersesyan et al., 2004;
ishra et al., 2011, 2013; Airaksinen et al., 2012) or indirect
pproaches where electrophysiology was done after the imaging
xperiments (Kharatishvili et al., 2007; Airaksinen et al., 2010;
ishra et al., 2014).
However, to fully understand the functional changes in the
rain during progressive pathologies such as epileptogenesis or
ost-injury sleep disorders, one should be able to study real-time
EG-fMRI changes in longitudinal follow-up studies. Being able
o permanently combine EEG and fMRI on a subject can provide
omprehensive and complementary information that is essential
o study disease development, recovery processes, and responses
o therapeutic treatments. For instance, EEG does not provide
nformation about the metabolic and energy requirement changes,
hereas fMRI does. In addition, chronic implantation is expected
o reduce the variability between repeated acquisition time-points
nd reduce the complications often present in acute electrophys-
ological studies, such as bleeding and exudation. Indeed, only
 few studies have used permanent RF-coil implants or electro-
hysiology electrodes to study either anatomic changes or to map
unctional data (Jupp et al., 2006a,b; Ginefri et al., 2012; Martin
t al., 2013). The suitability of combined EEG-fMRI in chronic
ollow-up studies, however, has not been demonstrated. Further-
ore, the implantable surface RF-coils used previously are not
ompatible with standard volume transmit coils, but have been
sed as transceivers, leading to suboptimal performance with many
RI  pulse sequence studies (Ginefri et al., 2012; Martin et al., 2013).
Here, we describe a modiﬁed EEG-fMRI approach that allows us
o conduct long-term follow-up studies in adult rats to investigate
ynamic cortical and subcortical network changes, for example,
fter brain injury. Using our novel approach, we successfully
ecorded functional imaging and electrophysiological data from
ats over a period of several months. We  believe this method will
dvance research in the ﬁelds utilizing chronic studies requiring
he use of a real-time EEG-fMRI approach.
. Materials and methods
.1. Construction and implantation of RF-coil and EEG electrodes.1.1. RF-coil
A receive-only actively decoupled RF-coil was designed to inter-
ace with a Bruker 7 T PharmaScan operating at 300.5 MHz. Thece Methods 274 (2016) 154–163 155
design of the RF-coil/electrode set-up is summarized in Fig. 1a–c.
The external part of the receive-only coil was constructed by Rapid
Biomedical GmbH, Germany (Fig. 1a). All implanted single-loop
coils were constructed in-house from polyvinyl chloride insulated
copper wire (MMJ  3 × 1,5 S) soldered to gold-plated male con-
nectors. Each coil was oval-shaped to match the rat skull proﬁle
to provide implant stability. Prior to implantation, each coil was
bench-tested to verify the element tuning and matching. Once the
RF-coil was ﬁxed on the head, it was  retuned prior to each imaging
session. During transmission of the RF signal, the coil was actively
decoupled from the transmitting volume coil. Tuning/adaption to
different loads and loop sizes were achieved using mechanical trim-
mer  capacitors. The tunable diameter of the exchangeable loops
ranged from 16 to 21 mm.
2.1.2. EEG electrodes
Polytetraﬂuoroethylene insulated silver wire (0.2 mm bare
wire diameter, nominal outer diameter of coated wire 0.27 mm;
AG549511, Advent Research Materials, United Kingdom) was used
to make epidural skull EEG electrodes. The tips of the electrode wire
were exposed (2 mm length both ends). One end of the wire was
soldered to a stainless steel socket connector (E363/0, Plastics One
Inc., Roanoke, VA). The other end was bent to form an open loop
(diameter 1 mm)  along the skull surface. Each electrode was elec-
trochemically cleaned and tested for impedance, resistance, and
capacitance using an Impedance Conditioning Module (55–70-9)
in 0.9% NaCl at room temperature. After implantation (see below),
the ﬁnal impedance of skull-electrodes was  measured by BrainAmp
or Nervus to conﬁrm that it was <100 k. To view the proﬁle and
locations of the RF-coil implant and electrode set-up in vivo, X-ray
imaging was done using a Flex SPECT/CT (Gamma Medica-Imaging;
tube voltage 60 kVp, ﬂy mode, 2 by 2 binning, 1 frame) in a subset
of animals (Fig. 1b).
2.2. Preliminary testing of the RF-coil/electrode set-up in naïve
rats
2.2.1. Animals and surgery
Eighteen male Wistar rats (300–400 g) were used for the study
(purchased from Laboratory Animal Centre, UEF). The rats were
anesthetized with a mixture of 5% isoﬂurane (ISO) and nitrous
oxygen (70-% N2–30-% O2), and positioned in a stereotaxic frame
(David Kopf Instruments, Tujunga, CA). A surgical depth of anes-
thesia was  maintained with 2%–3% ISO. The skull was exposed, and
carefully cleaned and dried. To implant the silver-loop electrodes,
we removed ∼2/3 of the skull thickness over the somatosensory
(S1) cortex (AP −2.12; ML  2.5) bilaterally using a drill (Fig. 1c). Ref-
erence and ground electrodes were placed over the cerebellum.
A thin layer of bone cement (Palacos R + G, Heraeus Medical AB,
Sweden) was  then applied to cover the entire exposed skull and
electrodes. After electrode ﬁxation, the RF-coil element was  placed
on top of the electrode set-up, and ﬁxed with dental cement (Selec-
traplus, DeguDent GmbH) so that the gold pin connectors protruded
from the front. The EEG electrodes were connected to the plastic
pedestal (MS363, Plastics One Inc.) that was  positioned rostral to
bregma to avoid MRI-susceptibility artifacts over the imaged brain
areas. Following surgery, the rats received the analgesic buprenor-
phine (Temgesic, 0.01-0.05 mg/kg, s.c.). After surgery, the rats were
housed in individual cages and maintained under a normal 12 h
light/12 h dark cycle, with constant temperature (22 ± 1 ◦C) and
humidity (50–60%). Water and food were available ad libitum. At
least 1 week was allowed for recovery. All animal procedures were
performed in accordance with the UEF animal care committee’s
regulations and in accordance with the guidelines of the European
Community Council Directives 2010/63/EU.
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Fig. 1. Structure of the RF-coil/electrode implant. A) Schematic of the coil elements. A 300-MHz preampliﬁer for Bruker systems BNC (Bayonet Neill–Concelman connector)
box  is used. B) An x-ray image taken from the rat skull showing a dorsal view of the RF-coil/electrode implant. Black arrow points to the MRI  plug-in connector. Red arrow
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)  A coronal T2-weighted image from a rat with the implant. Arrows point to the 
eferences to colour in this ﬁgure legend, the reader is referred to the web version o
.2.2. Testing of RF-coil/electrode set-up
For the initial coil and electrode performance testing, sensory-
voked potentials (SEPs) were recorded in response to electrical
orepaw or hind paw stimulation under medetomidine/ISO
MED + ISO) anesthesia in ﬁve naïve animals (see below). A pair of
mall needles (27 gauge) was inserted into the paws. Stimulus fMRI
as performed using an isolated pulse stimulator (model 2100,
-M Systems, Sequim, WA)  with a three-block paradigm as pre-
iously described by (Airaksinen et al., 2010). Brieﬂy, stimulation
arameters varied between 1 and 12 Hz (0.5–2 mA,  2 ms  pulse dura-
ion, bipolar rectangular pulses). Data were acquired using a single
hot spin-echo echo-planar imaging (EPI) sequence (ﬁeld of view
FOV] = 25 mm x 25 mm,  x-y slices with thickness of 1.5 mm,  rep-
tition time [TR] = 2000, echo time [TE] = 60 ms). EEG during fMRI
as recorded using an MRI-compatible Brain Amp  MR  Ampliﬁer
Brain Products GmbH; sampling rate 2.5 kHz, band-pass ﬁltered at
.1–250 Hz). A subset of animals was also tested for SEPs outside
he MRI  scanner under MED  anesthesia (0.2 mg/kg) and an average
f 10–20 stimulus responses were recorded.
.3. Multimodal fMRI-EEG follow-up of rats with brain injury
The study design for pre-injury and post-injury multimodal
maging of kainic acid (KA)-treated rats implanted with the RF-
oil/electrode set-up is summarized in Fig. 2.
.3.1. Induction of brain injury with kainic acid
Brain injury was induced with a systemic injection of KA (K2389,
0 mg,  Sigma-Aldrich, St. Louis, MO)  using the repeated low-dose
dministration protocol (Hellier et al., 1998; Dudek et al., 2002;
uarez et al., 2012). Brieﬂy, rats (n = 11) received an initial dose
f 5 mg/kg KA (i.p.). Thereafter, treatment was repeated hourly (for
–6 h) with either a full or half dose until at least one Class V seizure
ccurred (dose range varied between 7.5–20 mg/kg). Seizures were
cored according to a modiﬁed Racine’s scale (Racine, 1972; Ben-
ri, 1985), and only motor seizures (Class III–V) were counted for
he ﬁnal analysis. Of the 11 animals, 6 and 4 survived for further
xperiments at 1wk and 1–2 months’ time points, respectively.stal. White arrows point to the recording sites of the circular surface EEG electrodes.
 the skull thinning for placement of the EEG electrodes. (For interpretation of the
 article.)
2.3.2. Long-term video-EEG monitoring
The ﬁrst 24-h video-EEG recording of freely-moving rats with
RF-coil/electrode implants was performed at 7 d (fMRI0) before the
KA injection. Thereafter, individually housed rats were video-EEG
monitored for 24 h at 1 wk  (fMRI1) and 1–2 months (fMRI2) post-KA
administration. Brieﬂy, rats were connected to a Nicolet (Nervus,
Taugagreining) EEG Recording System (sampling rate 2048 Hz, low-
pass ﬁltered at 150 Hz) and NicoletOne M40  ampliﬁer via 6-channel
cable and a commutator (Plastics One Inc.). The behavior of the
animals was recorded using a video camera (SVT-N72P time-lapse
VCR, Sony, Japan) equipped with a WFL-II/LED15W infrared light
(Videor Technical, GmbH) to allow for continuous 24 h/d video-
monitoring. Video-EEG was  performed prior to MRI-scanning to
avoid the effects of anesthetics on the EEG.
Each EEG ﬁle was  analyzed visually by scanning through the
EEG recording ofﬂine using Nicolet Reader software. Epilepti-
form activity was  classiﬁed as spiking (duration of 20–70 ms),
epileptic discharges (duration less than 6 s, no clear spike-and-
wave discharge [SWD]-proﬁle), SWDs, and seizures. Additionally,
data were exported and ﬁltered (notch ﬁlter at 50 Hz, band-pass
ﬁlter at 1–90 Hz) for further analysis using Spike2 v8. A fast
Fourier transform (FFT; 10 s epochs, FFT size 4096 with Han-
ning window) was  used to compute the power and coherence
at 1–80 Hz EEG band during three different behavioral stages,
including awake-immobility, rapid-eye-movement (REM) sleep,
and non-REM (NREM) sleep.
2.3.3. Anesthesia and follow-up of physiologic parameters for
resting state (rs)-fMRI
After completion of each video-EEG monitoring session, anes-
thesia was  induced with 4% ISO in nitrous oxygen (70%/30%), and
thereafter, the rats received a bolus of medetomidine hydrochlo-
ride (Domitor®, Orion Pharma, 0.15 mg/kg, s.c.). Animals were
placed on a custom-made MRI-compatible cradle. ISO was grad-
ually decreased to 0.5% while infusion of MED  (0.1 mg/kg/h, s.c.)
was continued. This anesthesia procedure was demonstrated by
Fukuda et al., 2013 (Fukuda et al., 2013) to be well suited for
fMRI experiments in the rat. Blood oxygen saturation, heart rate,
T. Pirttimäki et al. / Journal of Neuroscience Methods 274 (2016) 154–163 157
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sig. 2. Experimental design. Timeline illustrating the time-points for the follow-up
or  the injury. Baseline video-electroencephalogram (vEEG) recording and resting-s
reatment. Post-injury time-points were approximately 1 week and 1–2 months aft
nd spontaneous breathing rate were monitored throughout the
xperiment using a pulse oximeter and pressure-sensitive sen-
or (MR-compatible Small Animal Monitoring and Gating System,
A Instruments, Inc., Stony Brook, NY). Body temperature was
onitored with a rectal probe and maintained at 37 ± 1 ◦C by a
ater-circulating heating pad. Four additional animals underwent
 ﬁnal fMRI session to determine whether the MED  + ISO combina-
ion was sufﬁcient to anesthetize spontaneously breathing animals
ithout signiﬁcant alterations in blood gas values during a 60-min
MRI protocol. The femoral artery was cannulated and blood sam-
les were taken via an arterial catheter at three time-points for
nalysis of pH, oxygen saturation, partial pressure carbon dioxide
pCO2), and oxygen (pO2). The data indicated that the values were
n the acceptable range at the end of the imaging (pH: 7.35 ± 0.01;
O2:97.3 ± 0.6%; pCO2: 50.8 ± 2.7 mm Hg; pO2: 112 ± 19 mmHg).
.3.4. Survival rs-fMRI
Before initiating the rs-fMRI data acquisition, the anesthe-
ia (0.5% ISO + 0.1 mg/kg/h MED) was allowed to stabilize for
5–20 min. Resting-state fMRI data were acquired from coronal
lices using a Spin Echo − Echo Planar Imaging (SE-EPI) sequence
FOV = 25 × 25 mm,  slice thickness = 1.5 mm,  TR = 2000, TE = 45 ms).
E-EPI data were acquired from 11 slices over 40 min  (1200
ols). Anatomic images were acquired using different spin-echo
ased pulse sequences with T2 wting (FOV = 50 × 50 mm,  slice
hickness = 0.75 mm,  TR = 4676.46, TE = 16.133 ms). At the end of
he MRI  experiments, atipamezole (Antisedan®, Orion Pharma,
.1 mg/kg, s.c.) was administered to antagonize the MED.
.3.5. MRI  data analysis
The MRI  data were converted from Bruker format to NIfTI
sing the medical image analysis tool Aedes (http://aedes.uef.ﬁ).
ubsequently, data were slice-timing corrected, motion-corrected,
patially smoothed, and co-registered using SPM8 (www.ﬁl.ion.
cl.ac.uk/spm) and Matlab (Version 2011a, The Mathworks Inc.,
atick, MA). The analyses were performed using a home-made
atlab program, Aedes, and SPM8. For region-of-interest (ROI)
nalyses, 10 ROIs were drawn according to an anatomic atlas (Pax-
nos and Watson, 1998) for each individual subject brain and the
ime-point to overcome the ROI size change due to edema of the
entricles after status epilepticus (SE) insult. ROIs used for analy-
is included the hippocampus (HC), thalamus (Thal), hypothalamus
HT), sensory cortex (S1 and S2), motor cortex (M1 and M2), insular
ortex (InsC), perirhinal cortex (PrhC), and piriform cortex (PirC).
rior to resting-state analyses, data were low band pass-ﬁltered
t 0.01-0.1 Hz, and the linear trend was removed. Filtering was
sed to reduce the impact of physiological noise on fMRI signal.
he group average resting state functional connectivity (rs-FC) was
alculated by performing Fisher z-transformation on the individual
s-FC values prior to averaging and performing inverse Fisher z-
ransformation after averaging. Statistical tests for rs-FC data were
onducted after performing Fisher z-transformation. Statistical sig-
iﬁcance was calculated by unpaired Student’s t-test (Matlab). Data
ets with external artifacts were excluded from the analysis.riment. Kainic acid (KA)-induced brain injury shown as the zero time-point (days)
nctional magnetic resonance imaging (rs-fMRI) were performed 1 week before KA
 injury depending on the MRI-scanner availability.
3. Results
3.1. Validation of the MRI  images
As a linear surface RF-coil is expected to be more inhomoge-
neous when used as a receiver and to have a potentially smaller
signal-to-noise ratio (SNR) than a quadrature coil, we compared the
performance of the implanted coil with a standard quadrature coil
(Bruker). The SNR of the cortical and thalamic SE-EPI BOLD signal in
the raw SE-EPI images was compared between naïve animals with
a quadrature coil and animals with the RF-coil/EEG implant (Fig. 3).
As the SNR values were comparable (RF-coil/electrode SNR: Cx
27.12 ± 0.98, Tha 19.47 ± 0.6, n = 44 readings from 11 rats; quadra-
ture coil SNR: Cx 29.88 ± 1.87, Tha 21.68 ± 1.37, n = 16 readings
from 3 rats, Student’s t-test p = 0.17 and p = 0.11, respectively), we
concluded that data acquired with the implanted coils were suit-
able for rs-fMRI analysis. Also, the SNR was  evenly distributed in the
rostro-caudal axis of the brain, indicating that the oval geometry of
the coil did not compromise the quality of the MRI  signal.
To conﬁrm that there was  no surgery-related skull penetration,
bleeding, exudation, or air bubbles that could cause magnetic sus-
ceptibility artifacts, we assessed B0-maps from RF-coil/electrode
implanted rats. The examination revealed artifact-free ﬁeld homo-
geneity (data not shown), and raw SE-EPI images from the rat with
an implanted coil had no image distortion (Fig. 3). Several materials
(i.e., silver, stainless steel, platinum, and titanium) were tested for
the EEG-electrodes, including stainless steel (data not shown). Of
these, silver induced the fewest susceptibility artifacts.
3.2. Validation of EEG captured with RF-coil/electrode set-up
To compare the quality of the EEG signal recorded with an RF-
coil/electrode implant to that recorded with traditional epidural
screw electrodes, we performed simultaneous video-EEG moni-
toring of one rat with screw electrodes and ﬁve rats with the
RF-coil/electrode implant. Monitoring was continued for up to 24 h,
during which the animals were freely-moving. Similar to screw
electrode-implanted animals, physiological EEG activity (awake,
REM, non-REM) was consistently observed in animals with the RF-
coil/electrode implant (Fig. 4a–b). FFT of the EEG signal showed
that the spectral power at each behavioral stage was  comparable
between animals (Fig. 4c).
To assess the stability of the RF-coil/electrode set-up, we  mea-
sured the mechanical stability of the electrodes over a 5-wk period.
We found that in a given animal the amplitude range remained
constant and the impedance of the electrode wire was  within the
range of 20–50 k over the repeated recording sessions (Fig. 5a).
FFT of the EEG signal showed similar values between the two
recording time-points (Fig. 5b). An example of the coherence
analysis performed in awake animals demonstrates that phase dif-
ference analysis between the electrodes can be performed with
this RF-coil/electrode set-up (Fig. 5c). Moreover, like with the
standard epidural screw electrode recordings, EEG recorded with
the RF-coil/electrodes was sensitive to artifacts, including those
originating from jumping-related head movement, chewing, and
scratching (data not shown). Importantly, the EEG signal was
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Fig. 3. RF-coil performance. Comparison of SE-EPI raw images from two  rats captured with (A) the RF-coil/electrode implant or (B) a standard quadrature surface coil. Panels
on  the left are rostral and on the right caudal MR images. Signal-to-noise ratios (SNR; color of the value refers to location of analysis voxel in a given image, white open
box  = noise) were measured from the cortex (open green box) and thalamus (open orange box). Note that RF-coil/electrode implant did not cause any image distortion. (For
interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
Fig. 4. Recording of electroencephalogram with RF-coil/electrode implant. A) A representative 40-min electroencephalogram (EEG) trace recorded with the RF-coil implant
(one  channel shown) from a naïve animal, showing normal ﬂuctuation during sleep-awake stages (yellow = awake, magenta = rapid eye-movement sleep [REM], green = stage
2  non-REM [NREM], cyan = stage 3 NREM). B) Examples of three different sleep-awake stages recorded from an animal with a standard screw electrode (left) and from a rat
with  the RF-coil/electrode implant. Scale bar shows the temporal (y-axis) and voltage (x-axis) scale of the EEG signal C) Fast Fourier transformation (FFT) power spectrums
from  the traces (awake, REM, NREM) in panel B (frequency in x-axis; power in y-axis). Black represents the rat with standard epidural screw electrodes and purple represents
the  rat with the RF-coil/electrode implant. Note that the EEG signals were qualitatively and quantitatively comparable.(For interpretation of the references to colour in this
ﬁgure  legend, the reader is referred to the web  version of this article.)
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Fig. 5. Stability of electroencephalogram (EEG) recorded with the RF-coil/electrode implant. A) Representative EEG traces with corresponding time-frequency plots (frequency
scale  from 0 to 50 Hz) from a naïve rat at two different time-points. Scale bar equals 1 s/250 V. B) Corresponding FFT (fast Fourier transformation) power spectrums from
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she  traces in panel A. C) An example of coherence analysis of full-band EEG during
epresents the 5-wk recording. There were no qualitative or quantitative differenc
egend, the reader is referred to the web version of this article.)
table during exploration, drinking, and grooming. Furthermore,
ur preliminary data from two animals indicated that even a 1-wk
ontinuous video-EEG could be successfully completed using the
F-coil/electrode (data not shown).
.3. Real-time EEG-fMRI
Next, we tested whether a simultaneous BOLD-fMRI and EEG
ecording could be performed using the RF-coil/electrode implant.
irst, we recorded hind-paw stimulation induced sensory evoked
otentials in EEG under MED  anesthesia (n = 3) to conﬁrm that elec-
rodes were working (Fig. 6a). Then, front-paw stimulation was
ested during fMRI, and BOLD-signal activation with simultaneous
EG recording was measured during a sensory stimulation (15-s
rain at 9 Hz, 2 mA,  with 1 ms  single pulse duration; Fig. 6b–d). As
hown in Fig. 6, front-paw stimulation induced a train of evoked
otentials at the contralateral site that coincided with the con-
ralateral BOLD response. The average BOLD change was  3.8 ± 0.5%
n response to 1–2 mA  stimulation (n = 7 BOLD responses from 5
ats) under MED  + ISO anesthesia.
.4. Multimodal follow-up after brain insultTo test whether our RF-coil/electrode implant was  suitable
or multimodal long-term follow-up of the evolution of brain
tructural pathology and the associated functional changes, wewake stage. In panels B-C, the blue line represents the baseline and the black line
tween the recordings. (For interpretation of the references to colour in this ﬁgure
applied our monitoring set-up to an animal model of brain injury
and epileptogenesis induced with repeated low-dose KA (Ben-Ari,
1985; Hellier et al., 1998). Each animal underwent a 24-h video-
EEG followed by the rs-fMRI scanning at baseline, and thereafter,
at 1 wk.  The third monitoring was  performed at 28–52 d post-
injury (Fig. 2). Fig. 7 shows the multimodal data collected with
the RF-coil/electrode set-up. In one animal that did not recover
completely from KA-induced SE, T2-weighted images revealed ven-
tricular edema and increased signal intensity in the piriform cortex
(Fig. 7a). EEG recorded at 8 d post-KA showed prolonged (up to 1 h)
continuous clusters of epileptic discharges (EDs), indicating that the
rat was  in SE (Fig. 7b, top). These EDs started with a sharp-wave,
and evolved to polywaves with or without suppression at the end
(Fig. 7b, bottom right). The rs-FC matrices assessed about 1 h after
completing the EEG showed increased connectivity between the
motor and sensory cortices (from 0.37 to 0.59), whereas the S1 and
thalamic connectivity (from 0.2 to 0.03) as well as the connectivity
between the perirhinal and piriform cortices (from 0.21 to −0.02)
appeared reduced (Fig. 7d).
3.4.1. Follow-up of T2-w MRI
At 1 wk after KA administration, all animals with SE had
enlarged ventricles and increased T2-weighted signal intensity
in the piriform and entorhinal cortices. At 1–2 months after KA
administration, structural MRI  revealed a clear progression in the
160 T. Pirttimäki et al. / Journal of Neuroscience Methods 274 (2016) 154–163
Fig. 6. Simultaneous EEG-fMRI during somatosensory stimulation. A) Sensory evoked potential (average of 10 traces) in response to hind paw stimulation under MED
anesthesia. Grey arrow indicates stimulus artifact. B) Evoked responses to front paw stimulation during fMRI. Grey arrow indicates SE-EPI-sequence artifact. Red arrow
indicates an evoked response recorded over the contralateral S1. C) BOLD-activation map  overlaid on an anatomic image during the right front-paw stimulation. Note the
increased BOLD response in the left S1. Arrowheads point to the bilateral placement of EEG electrodes. D) Mean BOLD-time series during EEG-fMRI from the activated S1
region  presented in C. Red bar indicates the stimulus train. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of
this  article.)
Fig. 7. Multimodal follow-up after SE. A) T2-w images in baseline (left) and 1 week after KA-induced injury (right) from the same subject. Arrowheads on post-KA images
point  towards ventricular edema and piriform cortex. B) Awake-EEG trace from the same subject during baseline (left) and 8 days after induction of SE (right) showing clusters
of  epileptic discharges (EDs, marked with asterisks). Below are expanded sections of EEG traces. One ED is expanded from a post-KA recording. C) Functional correlation
matrices before and after KA-insult from the same subject.
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arenchymal signal intensity and ventricular enlargement (Figs. 7a
nd 8a).
.4.2. Follow-up of rs-fMRI
Figs. 7d and 8b show representative follow-up rs-FC matri-
es from two rats. Recordings from baseline, 1 wk,  and 1 or 2
onths post-KA demonstrate that functional FC becomes modi-
ed by the KA-insult in a biphasic manner. During the acute phase,
e observed mild changes towards both increasing and decreasing
onnectivities between several brain regions. For example, S1-
1  connectivity showed a trend towards an increase (examples
rom two rats in Figs. 7c and 8b as the mean S1-M1 connectiv-
ty score increased from 0.52 ± 0.05 to 0.67 ± 0.05 (n = 9; Fig. 8c).
owever, the average change calculated as a subtraction of fMRI0
rom fMRI1 was 0.05 and did not reach signiﬁcance (p = 0.3). In
ontrast, during the latent/chronic phase (1 to 2 months post-
nsult), the rs-FC score decreased to 0.35 ± 0.1 with an average
hange of −0.20 as compared to average baseline values (p = 0.07,
 = 4). Connectivity between S1 and thalamus had an average
hange of −0.02 (p = 0.8), with the mean values decreasing from
.26 ± 0.07 to 0.23 ± 0.06 during the acute phase. Again, during
he latent/chronic phase, the change was −0.29 (p = 0.03) and the
ean value was reduced to −0.04 ± 0.1. Perirhinal-piriform con-
ectivity showed a decrease in the connectivity score during the
cute phase from 0.23 ± 0.02 to 0.09 ± 0.04 with a signiﬁcant −0.14
hange (p = 0.004, n = 6). Interestingly, the perirhinal-piriform con-
ectivity score returned to 0.15 ± 0.06, with an average change of
0.08 during the latent/chronic phase (p = 0.13).
.4.3. Follow-up of EEG
Epileptiform activity was recorded in all animals within 1 week
fter KA-insult. Spiking was recorded in 5 of 6 animals a week after
A-insult and in all animals (n = 4) recorded at 1 month after KA
dministration (data not shown). EDs were recorded in 4 of 6 ani-
als during the acute phase and in 3 of 4 during the latent/chronic
eriod (Fig. 7). Similarly, SWDs were observed in 4 of 6 animals 1
eek after KA-insult. Interestingly, at 1 month after KA adminis-
ration, SWDs were detected in only 1 of 4 rats.
Taken together, our data suggest that the functional resting state
onnectivity within temporal lobe structures is decreased following
E, whereas sensorimotor cortex areas show variable connectivity
hanges from the acute to the latent/chronic phases.
. Discussion
The aim of this study was to create an experimental set-up that
ombines chronically implanted EEG electrodes and an RF-coil to
arry out long-term studies with uncompromised and consistent
RI  image and EEG signal quality. Results from the animals tested
ver several months for the RF-coil/electrode function indicate that
ur screw-free implantation method was well suited for long-term
ollow-up of video-EEG in freely moving animals, as well as for fMRI
hat was free of susceptibility artifacts.
.1. Methodologic issues related to the suitability of the
F-coil/electrode set-up for preclinical EEG-fMRI follow-up
.1.1. Reduced artifacts
One of the greatest challenges in performing electrophysio-
ogical recordings simultaneously with MRI  has been magnetic
usceptibility artifacts induced by the electrode materials and
y the surgery itself. In our implantable RF-coil/electrode set-
p, the skull was not penetrated and no anchoring screws were
sed. Consequently, we had no susceptibility artifacts due to
nwanted bleeding, exudation, or air bubbles resulting from thece Methods 274 (2016) 154–163 161
surgical procedure. Moreover, this less invasive approach elim-
inated the likelihood of recording artifacts in fMRI and EEG
signals due to neuropathology (e.g., dural penetration) associated
with drilling/electrode implantation (D’Ambrosio et al., 2009). We
selected silver as the material for the EEG electrode in the RF-
coil/electrode set-up as it showed the lowest susceptibility to
artifacts among the materials tested, including stainless steel, plat-
inum, and titanium.
4.1.2. Stability and comparison to traditional methods
The size and ﬂat geometry of the implantable linear surface −coil
was expected to allow for more inhomogeneous MRI images com-
pared to the standard curved quadrature coil design. However, due
to the smaller size of the coil element and its proximity to the brain,
the SNR values obtained with the implanted RF-coil were compara-
ble to those using a quadrature coil and suitable for rs-fMRI analysis.
Similarly, when EEG data collected with the RF-coil/electrode set-
up were compared to EEG recorded with traditional epidural screw
electrodes, physiological EEG activity (i.e., awake, REM, non-REM)
within a similar amplitude range was  consistently observed. Fur-
thermore, for repeated recording sessions over a course of several
weeks or months, the RF-coil/electrode set-up performed equally
well when compared to standard epidural electrodes in terms of
signal reproducibility, durability, and quality without compromis-
ing the MRI  signal quality, demonstrating that the screw-free skull
surface EEG technique was well-suited for chronic follow-up stud-
ies in freely moving animals.
4.1.3. EEG limitations
EEG recorded with the RF-coil/electrode detects electrographic
signal with a wider volume conductance, limiting the usage of the
set-up as currently designed. Indeed, EEG recorded above the skull,
even though clinically comparable, may  miss signals originating in
deep brain structures. To overcome this limitation, further devel-
opment of our RF-coil/electrode set-up including deep electrode
design is needed. However, the RF-coil/electrode set-up we used
makes it possible to test clinically relevant hypotheses, for exam-
ple, regarding the localization of seizure focus or activation patterns
in various brain networks under different behavioral states such as
sleep.
4.1.4. Anesthesia
The choice of anesthesia can greatly impact the rs-fMRI FC inter-
pretation (Williams et al., 2010; Magnuson et al., 2014). MED, a
selective alpha-2-adrenoreceptor agonist, is favorable as it pro-
duces reliable stimulus-evoked BOLD-contrast in follow-up fMRI
studies requiring non-invasive techniques (Weber et al., 2006; Van
Den Berge et al., 2015). On the other hand, supplemental low-
dose ISO suppresses the development of epileptiform activities and
robust neuronal and hemodynamic responses are maintained for
several hours (Fukuda et al., 2013) However, further investigation
is required to determine whether the MED  + ISO combination is the
best choice to study FC in brain pathologies and the details of the
effects on resting state temporal dynamics in naïve animals.
Altogether, these results show that multimodal approach can be
used to track progressive structural and functional changes.
4.2. Suitability of the RF-coil/electrode set-up for multimodal
EEG-fMRI follow-up of structural and functional pathologies after
brain insult
4.2.1. Anatomic changes
It is known that MRI  allows for non-invasive detection of struc-
tural abnormalities during the progression of epileptogenesis (Roch
et al., 2002). Therefore, it was  possible to follow structural changes
observed in T2-weighted images along with the FC changes of the
162 T. Pirttimäki et al. / Journal of Neuroscience Methods 274 (2016) 154–163
Fig. 8. Follow-up of functional connectivity changes after SE. A) T2-w images from one animal at three different time-points. B) Example of resting state functional connectivity
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howing the average change direction with respect to baseline.
s-fMRI and EEG before the onset of full-scale seizures. The most
ommonly used pulse sequence for rat anatomic imaging is fast
pin echo, which uses multiple -pulses for refocusing and is there-
ore sensitive to B1+ inhomogeneity. Unlike the previous implanted
urface RF-coils that were used as transceivers (Logothetis et al.,
002; Ginefri et al., 2012; Martin et al., 2013), our implanted coil
s an actively decoupled receiver and a separate volume coil with
omogenous B1+ is used as the transmitter, providing excellent
natomic image quality with fast spin echo-based pulse sequences.
.2.2. Functional connectivity
The data obtained here suggested dynamic changes in rs-FC
n a rodent model of acquired epileptogenesis induced with KA.
reviously, Mishra and colleagues (Mishra et al., 2014) reported a
ecreased rs-FC between the ipsilateral and contralateral parietal
ortex and between the ipsilateral parietal cortex and hippocam-
us at 4 months after lateral ﬂuid-percussion induced traumatic
rain injury, another model of acquired epilepsy. Abnormalities in
ortical resting state connectivity have been also reported in an
nimal model of absence epilepsy (Mishra et al., 2013). Particu-
arly, regions with most intense seizure activity showed a markedly
ncreased rs-FC. These ﬁndings suggest that alterations in rs-FC
ould be used as a biomarker for the development and progressiontrating the variability between subjects for three different functional connectivity
), at 1 wk (middle), and at 1 month post-injury. D) Functional connectivity matrices
of epilepsy. As abnormal resting state connectivity is reported in
a number of epileptogenic, cognitive, and sensory processing net-
works in patients with epilepsy (Centeno and Carmichael, 2014),
our and other preclinical (Mishra et al., 2014) data suggest that
the application of vEEG-fMRI analysis could provide clinically rele-
vant translatable data. However, the correspondence of ﬁndings in
human brain disorders and animal models requires further explo-
ration.
4.2.3. EEG changes
Consistent with previous work (White et al., 2006, 2010; Suarez
et al., 2012), epileptiform activity was recorded after KA-induced
SE before the onset of full-scale spontaneous motor seizures.
Recurrent spontaneous seizures were not recorded here, but were
reported by the animal caregivers from a month onwards. This is
most likely due to the limited recording time as motor seizures
often occur in clusters with possibly long seizure-free periods
(Williams et al., 2009). Other forms of epileptiform activity (SWDs
and EDs) were also recorded. Of these, SWD-like activity has also
been reported to progress with age (Rodgers et al., 2015). Therefore,
conclusive results about longitudinal resting state fMRI and EEG
changes after KA-induced SE, requires further studies with larger
experimental and age-matched littermate control groups.
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. Conclusions
Our ﬁndings demonstrate that the implantable RF-coil and EEG
lectrode set-up is suitable for performing long-term follow-up
tudies using video-EEG and EEG-fMRI in rats. The novel method
e propose provides a tool to gain a deeper understanding how
arge-scale networks become modiﬁed during epileptogenesis or
ther progressive neurological conditions, and the type of fMRI or
lectrographic functional activity that occurs with the evolution of
he pathology.
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